CLIC4/mtCLIC, a chloride intracellular channel protein, localizes to the mitochondria and cytoplasm of keratinocytes and participates in the apoptotic response to stress. We now show that multiple stress inducers cause the translocation of cytoplasmic CLIC4 to the nucleus. Immunogold electron microscopy and confocal analyses indicate that nuclear CLIC4 is detected prior to the apoptotic phenotype. CLIC4 associates with the Ran, NTF2, and Importin-␣ nuclear import complexes in immunoprecipitates of lysates from cells treated with apoptotic/stress-inducing agents. Deletion or mutation of the nuclear localization signal in the C terminus of CLIC4 eliminates nuclear translocation, whereas N terminus deletion enhances nuclear localization. Targeting CLIC4 to the nucleus via adenoviral transduction accelerates apoptosis when compared with cytoplasmic CLIC4, and only nuclear-targeted CLIC4 causes apoptosis in Apaf null mouse fibroblasts or in Bcl-2-overexpressing keratinocytes. These results indicate that CLIC4 nuclear translocation is an integral part of the cellular response to stress and may contribute to the initiation of nuclear alterations that are associated with apoptosis.
of CLIC family members may involve organellar volume regulation and ionic homeostasis and regulation of electro-neutrality (1) . Five of the CLIC proteins are similar in size and highly homologous to the C terminus (CLIC module) of p64 and parchorin, which in addition consist of distinct N-terminal domains (2) . All members have one major hydrophobic stretch in the CLIC module that may be used to span the membrane, but some members are also found in a soluble form in the cytoplasm (3) (4) (5) (6) . Soluble CLIC proteins are structural homologues of soluble omega-class glutathione S-transferase family proteins, and they may behave as an "active" anion channel and/or channel regulator when "autoinserted" to form integral membrane proteins (7) .
Mitochondrial CLIC (mtCLIC/CLIC4) was the first homologue of p64 identified, and its mRNA is ubiquitously expressed with the highest expression in lung, brain, liver, kidney, and skin (8) . CLIC4 was described as a mitochondrial and cytoplasmic protein in mouse keratinocytes and localized to the inner mitochondrial membrane in human keratinocytes (9) . Other reports indicate CLIC4 is also localized in the trans-Golgi network in pancreatic cells, endoplasmic reticulum (ER) in rat hippocampal HT-4 cells, and large dense core vesicles in neurosecretory cells (10 -12) . Similar to other family members (parchorin, p64, CLIC1, CLIC3), CLIC4 has a putative Cl Ϫ -selective channel activity exhibiting a single channel conductance (2) . CLIC4 homologues are expressed in many species with 85-95% identity at the amino acid level suggesting physiological functions are evolutionarily conserved (13) . CLIC4 has also been associated with the actin cytoskeleton in membrane ruffles and lamellipodia and interacts dynamically with signaling proteins involved in cell membrane remodeling, including dynaminI, actin, tubulin, and 14-3-3⑀. O. isoforms in neuronal cells (14) . Recently, substantial up-regulation of CLIC4 was reported in transforming growth factor-␤ and serum-activated human breast fibroblasts, where up-regulation of CLIC4 was associated with transdifferentiation to myofibroblasts (15) . Our previous studies have shown that CLIC4 is a direct response gene for p53 transactivation and involved in TNF-␣-and p53-mediated signaling pathways. CLIC4 overexpression induces apoptosis associated with loss of mitochondrial membrane potential, cytochrome c release, and caspase activation suggesting that apoptosis is mediated by mitochondrial dysfunction (9) . During the course of our studies on CLIC4 and apoptosis, we have noted that cytoplasmic CLIC4 translocates to the nucleus in cells undergoing p53-mediated apoptosis. Further studies have indicated that nuclear translocation of CLIC4 was detected in cells responding to various stress and apoptotic signals. This dynamic trafficking occurs early after stress signals and is mediated by the nuclear localization signal (NLS) and the nuclear import machineries. When CLIC4 is targeted directly to the nucleus, apoptosis is accelerated and proceeds in the absence of mitochondrial-dependent caspase activation. These results suggest that CLIC4 participates in the stressinduced apoptotic response in several cellular compartments.
MATERIALS AND METHODS

Cell Culture
Keratinocytes were isolated from newborn Balb/C mice and cultured as basal cells in medium with 0.05 mM calcium as described previously (16) . The non-tumorigenic keratinocyte S1 cell line was derived from normal mouse keratinocytes and maintained in the same medium as primary keratinocytes. The human osteosarcoma-derived p53 Tet-On Saos-2 cell line (17) was maintained in Dulbecco's modified Eagle's medium (BioWhittaker) containing 8% fetal bovine serum (Gemini), 20 units/ml penicillin-streptomycin (Invitrogen), and addition of 800 ng/ml doxycycline induced p53 transgene expression. Cells were treated with apoptotic/stress inducers adriamycin (17 M, Sigma), mitomycin (30 M, Sigma), etoposide (100 M, Sigma), camptothecin (2 M, MBL International Corp.), actinomycin D (10 M, MBL), cycloheximide (100 M, Sigma), and TNF-␣ (50 ng/ml, Calbiochem) in culture medium, and the treated cells were harvested at various time points for analysis. Bcl-2 adenovirus was purchased from InVivogen. Apaf-null mouse embryo fibroblasts were a generous gift of Dr. Tak Mak and Dr. Scott Lowe and were cultured as previously described (18) . All experiments shown were repeated at least twice.
Immunoprecipitation and Western Blot Analysis
Anti-C terminus CLIC4 antibodies were generated, and antisera were affinity-purified by chromatography using the immunogenic peptides as described previously (8) . The affinity-purified anti-C terminus CLIC4 antibodies are mono-specific for CLIC4 and were used in all experiments, including immunoprecipitation and Western analysis. PBS-washed cells were harvested by adding cell lysis buffer (1% SDS, M-Per (Pierce), Protease inhibitor mixture (Roche Applied Science), and 200 M NaVO 3 ), sheared with 25-gauge needle several times, and centrifuged at 14,000 ϫ g for 1 h. Cleared lysates were resolved by gradient SDS-PAGE (8 -16%), blotted onto a polyvinylidene difluoride membrane, and the protein expression was analyzed by Western blot. In some experiments, subcellular fractions were isolated as described previously (8) . Primary antibodies against cytochrome c and LaminA/B (BD Biosciences), actin (Calbiochem), p53 (Oncogene), MARCKS (Santa Cruz Biotechnology), Ran (BD Biosciences), NTF2 (BD Transduction Laboratories), Importin-␣ (Amersham Biosciences), and cytochrome c subunit IV (Molecular Probes) were used at dilutions suggested by the manufacturer. Anti-mouse, -rabbit, and -goat secondary antibodies conjugated to horseradish peroxidase (Amersham Biosciences) and SuperSignal chemiluminescent substrate (Pierce) were used for the antigen detection. For immunoprecipitation, cells were washed with cold PBS, lysed in IP buffer (M-Per (Pierce), Protease inhibitor mixture (Roche Applied Science), 1 mM phenylmethylsulfonyl fluoride, 200 M NaVO 3 , and 1 mM NaF), sheared with a 25-gauge needle several times, and then centrifuged at 14,000 ϫ g for 1 h, and the cleared supernatant was collected as the starting material. The cell lysate (1 mg of total protein) was pre-cleared at 4°C for 2 h with protein A/G Plus-agarose beads and incubated with the protein A/G beads conjugated with CLIC4 antibody overnight at 4°C. These beads were washed in IP buffer, centrifuged, resuspended, and boiled prior to electrophoresis.
CLIC4 Vector Construction
Organelle-targeted CLIC4 Plasmids and Adenoviral Vectors-Fulllength CLIC4 open reading frame (ORF) was PCR-amplified with 5Ј-forward and 3Ј-reverse primer sets containing SalI and NotI restriction sites, respectively. The amplified DNA fragment was gel-purified, ligated to pGEM-Teasy vector (CLIC4-Teasy, Promega), and then resubcloned into the cytoplasm (Cyt)-, mitochondria (Mit)-, and nucleus (Nuc)-targeted vectors (pShooter vectors, Invitrogen) in-frame with the C terminus "myc-tag" using methods suggested by the manufacturer. Insert in-frame fusion integrity, orientation, and organelle-targeting capability were confirmed by DNA sequencing, restriction analysis, and confocal microscopy, respectively. Organelle-specific CLIC4 constructs were subsequently used as templates to generate organelle-targeted CLIC4 adenovirus. To construct these adenoviral vectors, pCMV Forward and pcDNA3.1/BGH Reverse primers (Invitrogen) were used to amplify the organelle-specific CLIC4 DNA fragment and ligated to pGEM-Teasy (T-Shooter-CLIC4). NotI-digested and gel-purified inserts from T-Shooter-CLIC4 were subcloned into NotI-digested pTRE-Shuttle vector (pTRE-Shooter, BD Biosciences). Insert integrity, orientation, and tetracycline inducibility were confirmed by DNA sequencing, restriction digestion, and Western blot analysis, respectively. Shooter-CLIC4 inserts were isolated from pTRE-Shooter vectors by I-CeuI/PISceI digestion and ligated to the pAdeno-X vector (BD Biosciences) using methods suggested by the manufacturer. Adenoviruses were amplified in the Science Applications International Corp., Inc., Frederick, NCI, National Institutes of Health, Molecular Biology, Gene Expression Laboratory.
Deletion Mutant Constructs-Three of the 5Ј forward primers and four of the 3Ј reverse primers that are specific to various regions of mouse CLIC4 were synthesized to generate deletion mutant constructs. Forward primers included 5Ј-GGCCATG-3Ј in the upstream of the CLIC4 gene-specific sequence to provide sufficient Kozak motif and the starting methionine codon. PCR-amplified fragments were agarose gelpurified and ligated to pcDNA5/FRT/V5-His-TOPO vector (Invitrogen), and the positive clones were screened and verified by PCR, DNA sequencing, and restriction digestion analysis. Inducible deletion mutants were constructed by using a T7-promoter forward and BGH reverse primer set (Invitrogen) to PCR-amplify CLIC4-V5-His inserts. Amplified DNA fragments were agarose gel-purified and ligated to pcDNA5/FRT/TO-TOPO vector (Invitrogen), and the positive clones were screened and verified with the methods mentioned above, including Western blots and confocal microscopy. Deletion mutant CLIC4 proteins were induced in transfected cells with Tet-On (ϩDox) or TetOff (ϪDox) adenovirus (Clontech) infection, and the mutant proteins were expressed at desired levels by controlling the viral multiplicity of infection.
NLS Mutagenesis-Full-length CLIC4 ORF from CLIC4-Teasy plasmid was digested with NotI, agarose-gel purified, and subcloned into NotI site of pAlterMax (CLIC4-AlterMax, Promega) in-frame with the N terminus HA tag (wild-type CLIC4). Insert orientation and integrity was determined by DNA sequencing, restriction analysis, and Western blotting. NLS mutagenesis primer (5Ј-GCTCCACATTGTCACGGTG-GTGGCCATAACATACGGCAACTTTGATATTCC-3Ј) was designed to substitute four amino acids (lysine and arginine) in the NLS motif (KVVAKKYR to TVVAITYG) to obliterate the motif consensus sequence. The primer was synthesized and PAGE-purified (Invitrogen). The mutagenesis was performed as described by the manufacturer, and the mutated CLIC4 (ϪNLS CLIC4) was verified by DNA sequencing and Western blotting.
Apoptosis Assays
SigmaStat (SSPS Science) was used as a statistical analysis program for all data represented by multiple numerical measurements.
FACS Analysis-LipofectAMINE Plus reagent (Invitrogen) alone or with null (empty)-Adenovirus as a carrier was used to transfect plasmids into cell lines as described previously (9) . Primary keratinocytes and S1 cells transfected or infected with organelle-targeted CLIC4 vectors were analyzed by flow cytometry on a FACSCalibur instrument (BD Biosciences). At various times after transfection or infection, cells were trypsinized and collected in 1 ml of medium and assayed in the presence or absence of propidium iodide (0.5 g/ml, PI).
AnnexinV-Transfected cultures were analyzed for the presence of cell surface annexinV as a measure of apoptotic death. Briefly, cells were trypsinized from dishes at specific times after transfection, centrifuged and incubated with an allophycocyanin-conjugated annexinV (BD Biosciences) as described by the manufacturer. Cells were then washed, fixed in 10% neutral buffered formalin for 10 min, diluted in buffer, and analyzed by flow cytometry. To analyze annexinV staining by confocal microscopy, cells were cultured in 60-mm plates, initially stained with propidium iodide/PBS (2 g/ml) for 2 min, washed with PBS once, then stained with annexinV reagents (BD Biosciences) as described by the manufacturer. Stained cells were fixed using 2% paraformaldehyde dissolved in annexinV-binding buffer (BD Biosciences), washed with PBS ten times, mounted with fluorescent protective medium (Dako), and analyzed using the Zeiss-510 confocal microscope (Zeiss). The annexinV-positive cells were manually counted from the confocal micrograph and divided by the number of Hoechststained cells to generate the percentage of annexinV-positive cells. Eight randomly picked fields were used to generate the average percentage of the annexinV-positive cells for each treatment.
TUNEL-Cells were fixed in 2% paraformaldehyde for 30 min and then washed with PBS several times. After dehydrating the surface of the plate with methanol, quadrants were drawn on plates using a PAP pen, washed with PBS ten times, and then the fixed cells were rehydrated with PBS. The cells were permeabilized using PBS/0.1% Triton X-100 solution for 10 min, then washed twice with PBS, and a TUNEL assay (Roche Applied Science) was performed as described by the manufacturer. Stained cells were mounted with Vectashield (Vector Laboratory) and analyzed by confocal microscopy. The average percentage of TUNEL-positive cells was quantified using the random field method as described for the annexinV assay.
Active Caspase3 Assay-Primary keratinocytes were infected with organelle-targeted CLIC4 adenovirus, harvested at 16 h post-infection, and subjected to caspase3 assay (BioVision) as described by the manufacturer. Fluorescence was measured by using a fluorometric plate reader (fMax, Molecular Devices).
Immunofluorescence Staining
Cells were fixed on culture dishes in 2% paraformaldehyde/PBS for 30 min and extensively washed with PBS. Fixed cells were permeabilized with cold methanol for 6 min, and dried briefly, and desired quadrants were drawn using a PAP pen. Cells were re-hydrated and extensively washed with PBS, treated in 100 mM glycine for 30 min, equilibrated with 0.2% Triton X-100 for 10 min, washed with PBS, and then blocked for 1 h or overnight in 0.5% bovine serum albumin/PBS. The cells were incubated with primary antibody of interest for 2 h, washed three times with PBS, and incubated in the dark with secondary antibody for 1 h. The plates were washed three times in PBS, treated with Hoechst nuclear stain/PBS (1 g/ml) for 3 min, washed three times with PBS, and finally washed twice with ddH 2 O for 3 min. Plates were mounted with fluorescent protective mounting solution (Dako), and cells were analyzed with the Zeiss-510 confocal microscope.
Immunoelectron Microscopy
Post embedding immunoelectron microscopy (19) was performed using LR White resin (Polysciences, Inc.) slightly modified from the manufacture's procedures. Briefly, cell pellets were fixed in 4% paraformaldehyde (Tousimis Research) in PBS for 2 h, rinsed in cold PBS, dehydrated in a series of ice-cold graded ethanol, infiltrated in 1:1 mixture of 100% ice-cold ethanol and LR White resin, then in pure LR White resin overnight in 4°C, and cured at 55°C for 24 h. Thin sections were mounted on 200-mesh nickel grids and incubated in a serial dilution of primary antibody overnight at 4°C. The grids were washed with PBS containing 0.1% (w/v) bovine serum albumin and 0.05% Tween 20 for 2 h, then incubated in 1:100 dilution of immunogoldconjugated secondary antibody (Amersham Pharmacia Biotech) for 1 h at room temperature. The grids were washed as above and stained in uranyl acetate and lead citrate. The digital images were obtained with an electron microscope (Hitachi H7000) equipped with a digital camera system (Gatan).
RESULTS
A Variety of Stress-inducing Agents Cause Endogenous CLIC4 Nuclear Translocation in Keratinocytes-
In resting keratinocytes, ϳ60% of CLIC4 is localized in the perinuclear area in mitochondria and 40% is cytosolic (8) . To determine if CLIC4 intracellular localization was altered in stressed cells, agents that are DNA-damaging, metabolic inhibitors or cytotoxic were tested on primary mouse keratinocytes. Translocation of endogenous CLIC4 from the cytoplasmic compartment into the nucleus was detected in virtually all of the cells (see inset for cell density) after DNA-damaging agents (etoposide, adriamycin, and mitomycin), metabolic inhibitors (cycloheximide and actinomycin D), camptothecin, and TNF-␣ (Fig. 1A) . Time required for the nuclear translocation was different for each chemical treatment (Fig. 1, legend) . Nevertheless, the translocation occurred prior to appearance of apoptotic bodies indicating that endogenous CLIC4 nuclear translocation may be a common event preceding the cellular response to stress. When apoptosis-inducing chemicals were used at higher concentrations, the nuclear translocation occurred more rapidly (data not shown). Within the limits of confocal analysis, the level of endogenous mitochondrial CLIC4 did not appear to be altered. CLIC4 antibody is a monospecific anti-peptide and affinitypurified antibody, and the immunostained signal can be eliminated with the addition of blocking peptide (data not shown), indicating the confocal image of immunostained CLIC4 is not an artifact. Exogenous HA-CLIC4 (see Fig. 4C ) and GFP-CLIC4 (Fig. 1B) fusion proteins also translocated to the nucleus upon TNF-␣ or etoposide treatment, further supporting physical translocation of CLIC4 from the cytosol to the nucleus after stimuli. In contrast, cytoplasmic or nuclear-targeted GFP were localized in the appropriate intracellular compartment and did not migrate to the nucleus in response to TNF-␣ or etoposide treatment (Fig. 1B) . Typically, greater than a 7-fold increase of endogenous CLIC4 nuclear content was detected by subcellular fractionation early after treatment of primary keratinocytes with TNF-␣ or etoposide (Fig. 1C) , supporting the confocal microscopy data. However, we do not see a corresponding decrease of cytosolic CLIC4 in the fractionation experiments as suggested in the confocal analysis. This could be due to residual mitochondrial contamination of the cytosolic fraction or reflect a concentration difference within the nucleoplasm and cytoplasm resulting in more intense nuclear staining by microscopy. Alternatively, nuclei from a stressed cell might be leaky during the subcellular fractionation procedure.
Endogenous CLIC4 Translocates to the Nucleus in Human Osteosarcoma Cells Undergoing p53-mediated Apoptosis-The human CLIC4 promoter contains functional p53-binding elements, and CLIC4 is up-regulated during doxycycline-induced p53-mediated apoptosis in p53 Tet-On Saos-2 cells (9). In response to doxycycline treatment, endogenous CLIC4 translocates from the cytoplasm to the nucleus within 24 h, a time when these cells enter the apoptotic program (Fig. 1D) . Thus CLIC4 nuclear translocation is associated with apoptosis induced through an endogenous pathway as well as from treatment with exogenous cytotoxic agents. The response is also detected in human cells as well as murine cells. Because endogenous CLIC4 nuclear translocation also occurs in p53 null cell lines (Saos-2 and Ak1B) following TNF-␣ or etoposide, that translocation itself is a p53 independent event (Ref. 8 
and data not shown).
Endogenous CLIC4 Physically Interacts with the Nuclear Transport Complexes during the Nuclear Translocation Process-Treatment of mouse keratinocytes with TNF-␣ or etoposide induced an interaction of endogenous CLIC4 with Ran, Importin-␣, and NTF-2 ( Fig. 2A) . Nuclear transport factor (NTF)-2 is an active component of the nuclear import machinery, suggesting that CLIC4 is transported into the nucleus by an NTF-2 nuclear transport complex. Reverse immunoprecipitation verified the physical interaction of CLIC4 with Ran, Importin-␣, and NFT-2 (data not shown). In Saos-2 cells (data not shown) and mouse keratinocytes, a low level of interaction with NTF-2 and Ran can also be detected in untreated cells, and the interaction with Importin-␣ may be constitutive ( Fig.  2A) , suggesting that nuclear trafficking may be occurring to some extent in resting cells. Confocal images and cell fractionation both suggest a low level of nuclear CLIC4 is constitutive, particularly in p53 Tet-On Saos cells (Fig. 1D) . Confocal analyses showed increased colocalization of endogenous CLIC4 with Ran, Importin-␣, and NTF-2 in etoposide (Fig. 2B) or TNF-␣ (data not shown)-treated keratinocytes (Fig. 2B) , further supporting the active nuclear transport observed in immunoprecipitation studies.
Endogenous CLIC4 Is Localized to Nuclear Membrane, Nucleoplasm, and Nuclear Pore-Immunoelectron microscopy was employed to determine the physical location of endogenous CLIC4 in the nucleus in resting keratinocytes and keratinocytes treated with TNF-␣. CLIC4 was localized to the nuclear membrane and in the nucleoplasm in both untreated (Fig. 3A) mtCLIC/CLIC4 Nuclear Translocation Initiates Apoptosisand TNF-␣ treated (Fig. 3B) cells. Counting gold particles in multiple images indicated that the number of nuclear particles increased by 4-fold in the TNF-␣-treated cells compared with the untreated cells, providing additional physical evidence of endogenous CLIC4 nuclear translocation. Within the nuclear compartment, ϳ25% of the particles were associated with the nuclear membrane, and 75% were distributed in the nucleoplasm. This distribution could indicate that CLIC4 participates in a secondary function in the nucleoplasm other than a chloride channel or a chloride-channel regulator on the nuclear membrane. Endogenous CLIC4 localization to nuclear pore was also detected in TNF-␣-treated cells (Fig. 3C) , supporting immunoprecipitation data that CLIC4 nuclear translocation is mediated by the nuclear transport machineries.
The NLS and N Terminus Transmembrane Domain Are Involved in Determining Subcellular Localization of CLIC4 -The putative nuclear localization signal (NLS) on the C terminus of CLIC4 (8) suggested that the NLS-recognition-protein complex (i.e. Importin-␣) may be involved in the nuclear translocation. In live-cell confocal-imaging studies, GFP-CLIC4 and CLIC4-GFP fusion proteins introduced into keratinocytes that were then treated with TNF-␣ showed that the C-terminal disruption by a large GFP moiety (30 kDa) prevented nuclear translocation, whereas the N-terminal disruption allowed nuclear translocation albeit at a reduced level (data not shown). To identify the regions important for CLIC4 nuclear translocation, a series of epitope-tagged deletion mutants was generated, transfected into S1 keratinocytes, and recipient cells were treated with TNF-␣ (Fig. 4, A and B) . Deletion mutant constructs missing the putative NLS did not translocate to the nucleus, suggesting the NLS motif is required for CLIC4 nuclear translocation. Interestingly, mutants with the NLS domain intact but lacking the N terminus TM domain translocated to the nucleus in the absence of TNF-␣, whereas the full-length protein with TM and NLS domain remained in the cytoplasm, suggesting that the N terminus of the protein may be involved in nuclear transport regulation. Among the mutant proteins, only the full-length protein translocated to the nucleus upon TNF-␣ induction, further suggesting that the N terminus plays a role in regulation of CLIC4 nuclear translocation. Other mutants lacking both TM and NLS domains remained in the cytoplasm (data not shown), indicating that the N and C termini of CLIC4 are important contributing factors for the nuclear translocation. This result suggests that the CLIC4 C terminus with the putative NLS motif is important for the nuclear translocation. To determine whether the CLIC4 NLS is a functional domain, four amino acids in the NLS were mutated to eliminate the NLS consensus motif (Fig.  4, legend) . The NLS-mutated CLIC4 did not translocate to the nucleus upon TNF-␣ or etoposide induction, whereas the endogenous and the wild-type CLIC4 translocated to the nucleus with TNF-␣ or etoposide treatment (Fig. 4C) . These results indicate that the NLS is required for CLIC4 nuclear trafficking. Because deletion mutants lacking the N terminus (ϪTM and ϪN) were found in the nucleus prior to TNF-␣ stimulus (Fig.  4B) , we asked whether the nuclear localization of these mutants induced apoptosis. Transfection of the full-length CLIC4 into keratinocytes induced apoptosis by 24 h, but expression of , and 15min for TNF-␣ (500 pM). Hoechst nuclear staining is represented in the inset. B, S1 keratinocytes were transfected with organelle-targeted GFP plasmids or GFP-CLIC4 plasmid for 24 h and subsequently treated with TNF-␣ for 2 h or etoposide for 12 h, followed by detection with confocal microscopy. C, TNF-␣-and etoposide-treated primary keratinocytes were harvested at times indicated and subjected to subcellular fractionation, followed by Western analyses using antibodies against CLIC4 and Lamin (nuclear marker). The -fold increase of endogenous nuclear CLIC4 was quantified by ImageMaster (TotaLab) densitometry software. D, endogenous CLIC4 nuclear translocation is detected by immunofluorescence staining in the p53 Tet-On Saos2 cells undergoing apoptosis 24 h after doxycycline induction. Note the expression of the p53 transgene at this time point.
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ϪTM and ϪN deletion mutants failed to induce apoptosis (Fig.  4D) . Expression of the mutants lacking C terminus (ϪNLS and ϪC) also failed to induce apoptosis (Fig. 4D) , suggesting both N and C termini of CLIC4 are needed to regulate nuclear translocation and to induce apoptosis when the protein is overexpressed.
Organelle-targeted CLIC4, but Not Organelle-targeted GFP, Enhances Apoptosis-Previous studies indicated that up-regulation of CLIC4 induces apoptosis in several cell types (9) . To determine if sensitivity to apoptosis was related to a particular subcellular compartment, cytoplasmic-, mitochondrial-, and nucleus-targeted CLIC4 fusion constructs with a myc-epitope tag (Cyt-CLIC4, Mit-CLIC4, and Nuc-CLIC4, respectively) were generated (Fig. 5A ). The addition of the myc tag onto CLIC4 will be detected as a 1-kDa larger band in gel-migration molecular size (Fig. 5C, Cyt-CLIC4 ). Confocal microscopy of keratinocytes transfected with these vectors showed all fusion proteins were targeted to the intended organelles (Fig. 5B) . These Shooter vectors were subsequently used as templates to generate adenoviral (Ad) vectors. Western blots of cells infected with these organelle-targeted Ad vectors indicated the exogenous CLIC4 expression levels were similar with all fusion constructs, and the exogenous CLIC4 expression levels reached a plateau at ϳ16 h post-infection (Fig. 5C ). The targeting sequence peptides on mitochondrial-and nuclear-CLIC4 further increased the molecular size of Mit-CLIC4 (31 kDa) and Nuc-CLIC4 (31 kDa), but the apparent gel-migrating molecular size of Mit-CLIC4 was 28 kDa, further suggesting that the mitochondrial signaling peptide fused to CLIC4 was properly targeted and cleaved in mitochondria as expected (20) . Within 12 h of infection with Nuc-Ad and Mit-Ad, keratinocytes showed signs of apoptosis, including activation of Caspase3 (Fig. 5D) , down-regulation of Bcl-2, and up-regulation of Bax (Fig. 5E ). In contrast, keratinocytes infected with Null or Cyt-Ad did not undergo these changes at this early time point. These changes in apoptotic markers were detected at a time just when exogenous CLIC4 levels were increasing, suggesting that organelle-targeting CLIC4 to the nucleus or mitochondria accelerates apoptosis. To determine if organelle targeting of nonspecific protein could also cause these changes, we used plasmid constructs targeting GFP to the nucleus and mitochondria. Overexpression of Mit-GFP and Nuc-GFP proteins in keratinocytes did not induce apoptosis based on TUNEL staining (data not shown), suggesting the enhanced apoptosis and alteration in protein levels of apoptotic markers were organellar CLIC4-mediated apoptotic events. This conclusion was further supported when CLIC4 adenovirus-infected keratinocytes were examined by in situ staining for AnnexinV (9 h postinfection) and TUNEL (12 h post-infection). At these early time points, Nuc-CLIC4 increased the number of AnnexinV-and TUNEL-positive cells by greater than 50% over Cyt-CLIC4 FIG. 2. Endogenous CLIC4 nuclear translocation in stimulated cells involves Ran, NTF-2, and Importin-␣ nuclear transport/ import complexes. Treated cells were lysed and immunoprecipitated (IP) with anti-CLIC4 and immunoblotted (IB) with anti-Ran, antiImportin-␣, or anti-NTF-2 as described under "Materials and Methods." A, primary mouse keratinocytes were treated with TNF-␣ or etoposide to induce apoptosis. Immunoprecipitation without CLIC4 antibody "C" and without cell-lysate "IgG" served as controls. The cells were either untreated (Un) or treated with TNF-␣ (TNF) or etoposide (Etopo) for various times as indicated. The -fold increase of Ran, NTF-2, and Importin-␣ were quantified by densitometry software (ImageMaster) using CLIC4 immunoprecipitate signal as the normalization factor. B, etoposide-treated keratinocytes were fixed and double-immunostained with Ran/CLIC4, NTF-2/CLIC4, and Importin-␣/CLIC4 antibodies 6 h after the treatment, and the stained cells were imaged by confocal microscopy. In each panel, endogenous CLIC4 is represented as green fluorescence, the co-stained protein in magenta, and the merged image is in white. The nucleus is stained with Hoechst.
FIG. 3.
Endogenous CLIC4 is localized to nuclear membrane, nucleoplasm, and nuclear pore in keratinocytes. Keratinocytes untreated (A, ϪTNF) or treated (B and C, ϩTNF) with TNF-␣ for 4 h were fixed, and CLIC4 was detected by immunogold electron microscopy as described under "Materials and Methods." Representatives of the gold-labeled CLIC4 are shown next to arrows, and the nuclear pore is denoted by "NP." EM analyses were performed on multiple fields and repeated twice.
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detected by confocal microscopy and by flow cytometry (Fig. 6,  A and B) . At a later time point (24 h), both Cyt-CLIC4 and Nuc-CLIC4 Ad caused the release of cytochrome c from the particulate to the soluble fraction in infected keratinocytes (Fig. 6C ). This change in mitochondrial membrane integrity suggests that the organelle targeting accelerates the apoptotic response, but a mitochondrial apoptotic pathway is also associated with the nuclear CLIC4-mediated apoptosis. The mitochondrial pathway was previously associated with non-targeted CLIC4 when transfected into keratinocytes and evaluated at 48 h (9) .
Nuclear Translocation of CLIC4 Initiates Apoptosis Independent of Apaf-To further investigate whether apoptosis mediated by the nuclear-translocated CLIC4 requires the participation of a Caspase3/mitochondrial-dependent apoptotic pathway, Apoptotic protease activating factor (Apaf) null and wild-type embryo fibroblast cell lines were infected with the organelle-targeted CLIC4 Ad vectors, and apoptosis was quantified by a TUNEL assay. Nuc-CLIC4 Ad-infected Apaf null cells consistently showed significantly greater numbers of TUNEL-positive cells when compared with Null Ad, Cyt-CLIC4 Ad, or Mit-CLIC4 Ad, whereas the total apoptosis in Cyt-, Mit-, and Nuc-CLIC4 Ad-infected Apaf wild-type cells was similar (Fig. 7, A and B) . In quantitative analysis, a similar percentage of TUNEL-positive cells in both Nuc-CLIC4 Ad-infected and etoposide-treated Apaf null cells (Fig. 7, A and B) suggests that Nuc-CLIC4-mediated cell death bypasses a requirement for cytochrome c-mediated Caspase activation, although data in Figs. 5 and 6 indicate this pathway can be activated in intact cells. Endogenous CLIC4 translocates to the nucleus in Apaf null and wild-type cells treated with TNF-␣ (data not shown) and etoposide (Fig. 7C) , verifying that CLIC4 signaling pathway is functional in the absence of Apaf. Consistent with the findings from other cell types, CLIC4 nuclear translocation in Apaf null and wild-type cells occurs prior to any apparent apoptotic phenotypes (data not shown). To further support that nuclear CLIC4-mediated apoptosis can bypass the Caspase3/ mitochondrial-apoptotic pathway, keratinocytes infected with organelle-targeted CLIC4 Ad were induced to overexpress Bcl-2 by adenoviral infection. Bcl-2 overexpression inhibited the apoptosis initiated by Mit-CLIC4 but failed to inhibit the Nuc-CLIC4-induced apoptosis (Fig. 7D ), indicating nuclear CLIC4 may induce multiple apoptotic pathways. DISCUSSION The commonality of CLIC4 nuclear translocation in response to a variety of agents that are cytotoxic by different mechanisms suggests it is fundamental to the cellular response to stress. Nuclear translocation of CLIC4 is detected in response to TNF-␣, transcription inhibitors (actinomycin D and camptothecin), translation inhibitors (cycloheximide), and DNA-damaging agents with various mechanisms (etoposide, adriamycin, and mitomycin). In all of these cases, translocation occurs relatively rapidly and prior to a biochemical or phenotypic change characteristic of toxicity or apoptosis. This is further supported by the relatively rapid translocation observed in FIG. 4 . CLIC4 nuclear translocation is regulated by N terminus transmembrane domain (TM) and C terminus nuclear localization signal (NLS). A, series of CLIC4 deletion mutant proteins with "His-V5 C terminus tag" (designated with the shaded circle) were constructed. The constructs shown here include wild-type (Full), lacking NLS domain (ϪNLS), missing the C terminus half (ϪC), lacking N terminus TM (ϪTM), and missing the N terminus half (ϪN) . B, S1 keratinocytes were transfected with the deletion constructs and 36 h later they received no other treatment (ϪTNF) or were exposed to TNF-␣ (ϩTNF) for 2 h, and CLIC4 subcellular localization was detected by immunostaining with anti-V5 antibody, followed by confocal microscopy. C, the CLIC4-NLS mutant construct (HA-CLIC4⌬NLS) with "HA N terminus tag" containing four amino acid substitutions at the NLS motif (KVVAKKYR to TVVAITYG) was used to transfect S1 keratinocytes, followed by TNF-␣ (4 h) or etoposide (6 h) exposure at 24 h post-transfection. Subcellular location was detected by immunostaining using HA tag antibody and confocal microscopy. Hoechst nuclear staining is represented in the inset. D, S1 keratinocytes transfected with deletion mutant plasmid constructs were assayed by AnnexinV or TUNEL at 24 h post-transfection, and the apoptotic cells were detected by confocal microscopy. The average percentage of apoptotic cells was calculated by manually counting AnnexinV-or TUNEL-positive cells from eight random fields of confocal images.
keratinocytes treated with TNF-␣ (15 min), where translocation occurs prior to a detectable induced increase in total CLIC4 protein.
Following an external stimulus, the affinity of CLIC4 for Importin-␣, Ran-GTPase, and NTF-2 increases, suggesting these pathways are involved in the cellular response. Ran binds Importins, promotes conformational changes in Importins to release the cargo, and then exports back to the cytoplasm 
including CLIC4 (cargo), Importin-␣ (part of the Importins complex), and Ran (GTP-bound form), during an active nuclear import (22) . CLIC4 may utilize NTF-2/Ran nuclear import pathway (23) , allowing an extra nuclear import mechanism to account for the rapid translocation of CLIC4 upon TNF-␣ induction. For example, the translocation of oncogenic H-Ras to the nucleus involves physical interaction with NTF-2 during the import process (24) .
Interestingly, Importin-␣ and CLIC4 interaction is also observed in unstressed cells, implying that a subset of CLIC4 may be constitutively bound to the Importin-␣-mediated NLS-recognition protein complex. A small amount of RanGTPase/ NTF-2 also appears to be interacting with CLIC4 under basal conditions, and together these might maintain a basal level of CLIC4 in the nucleus as observed by faint fluorescent signal with confocal microscopy and the presence of gold particles in the nucleus of resting keratinocytes detected by EM analysis. These results suggest CLIC4 retains a constitutive physiological role in the nucleus, and defining this role may provide insight to understand the rapid exodus of cytoplasmic CLIC4 to the nucleus during stress. It is likely that the rapid response of CLIC4 to various proapoptotic stimuli requires post-translational modification, possibly phosphorylation. Phosphorylated Bad is sequestered in the cytosol by 14-3-3 proteins (25) , and upon dephosphorylation, Bad translocates to mitochondria to induce cell death. CLIC4 has several consensus phosphorylation sites, and it interacts with a 14-3-3 isoform (14) . Furthermore, recent evidence indicates that CLIC family members interact with the AKAP350 chaperone protein (26) . p64 is a substrate for the Fyn kinase (27) , and CLIC3 associates with ERK7 (3). Thus, it is possible that alterations in chaperone interactions or protein phosphorylation are involved in CLIC4 "activation," and future studies will address this possibility.
The putative NLS of CLIC4 appears to play a crucial role for nuclear translocation. Deletion mutant studies indicate that CLIC4 mutants retaining the NLS but lacking the N terminus TM domain are able to localize to the nucleus spontaneously without inducing apoptosis. Mutants lacking the NLS or fulllength CLIC4 retaining both the NLS and TM remain in the cytoplasm in the absence of exogenous activation, but only the latter can translocate in response to stress stimulus. Although the NLS of CLIC4 contains an unconventional peptide sequence, it retained an effective monopartite NLS motif (28) , and mutagenesis studies provide direct evidence that this NLS is a functional domain that actively participates and regulates the stress-induced CLIC4 nuclear translocation. This is consistent with the hypothesis that CLIC proteins may exist as an "inactive/soluble" form in the cytoplasm and become an "active/ membrane bound" form upon apoptotic/stress stimuli. Crystallographic analysis of CLIC1 revealed that the TM region is blocked by the N terminus of the protein in the soluble/globular form in the cytoplasm (7). It is possible that the CLIC4 NLS motif is hindered by other parts of the protein until the "activation" signal triggers unfolding of the protein and exposes the NLS motif, at which time the "activated" CLIC4 may be transported to the nucleus. Putative TM and NLS are conserved in other CLIC members (29) , and those CLIC family members may translocate to the nucleus by similar mechanisms in response to different cellular signals. However, as far as we can tell, no studies of this sort have been undertaken. Generation of TM mutants by site-directed mutagenesis and further studies on NLS mutations would provide insights on the "CLIC4 activation" issue in a more direct manner.
By several approaches we conclude that nuclear translocation of CLIC4 increases the rate of apoptosis. Mitochondrialand nuclear-targeted CLIC4 increase the number of AnnexinV- FIG. 6 . CLIC4 overexpression in the nucleus accelerates apoptosis and causes cytochrome c release. Adenoviral vectors expressing the organelle-targeted CLIC4 were used to infect primary keratinocytes, and apoptotic cells were qualitatively visualized (A) by annexinV (AnxV, 9 h post-infection) and TUNEL (12 h post-infection) assays using confocal microscopy, and then quadruplicate samples were quantitatively measured by annexinV and FACS analysis (B). The inset in A indicates cell density visualized by Hoechst-stained nuclei, and it represents the cell density found in other images. p values (B) were Ͻ0.001 when Cyt (*) is compared with Mit (#) or Nuc (#) treatments by SigmaStat t test. C, in parallel experiments, the adenoviral vector-infected cells were subjected to subcellular fractionation to separate cytosolic (S) and insoluble (P) fraction. The isolated fractions were used as the starting material to perform cytochrome c (Ctc-C) immunoprecipitation, and the amount of cytochrome c released to cytoplasm was detected by immunoblots. Immunoprecipitation without the antibody (ϪAb) or without lysate (ϪLys) was used as control, and the IgG bands were used as the loading control.
and TUNEL-positive cells at early time points when compared with the non-targeted Cyt-CLIC4. Thus, increased levels of CLIC4 in the mitochondria and the nucleus compromise cell viability, suggesting that protein level must be tightly regulated in each organelle. This is consistent with our inability to derive cell lines when CLIC4 levels are increased by constitutively expressed CLIC4 or reduced by expression of antisense CLIC4 (8) . In our fusion constructs, Cyt-CLIC4 does not have a cytoplasm retention signal, and continuous overexpression of Cyt-CLIC4 will eventually cause apoptosis (Fig. 6C) , likely by redistributing CLIC4 in various organelles thus tipping the delicate balance of CLIC4 levels in those organelles. This observation further supports a requirement for a specific protein modification of CLIC4 before it is targeted to organelles.
Overexpression of Nuc-CLIC4 consistently exhibits an intense apoptotic effect among the organelle-targeted CLIC4s, suggesting that nuclear translocation during cellular stress contributes to the apoptotic response. We did not detect an apoptotic response to nuclear-targeted GFP or to deletion mutants of CLIC4 that accumulate in the nucleus, indicating that intact nuclear CLIC4 has a specific activity. In addition to the uniformity of translocation with multiple stress inducers, two lines of evidence suggest that nuclear translocation of CLIC4 has a global function in cellular apoptosis. Nuclear-targeted CLIC4 Ad causes cytochrome c release from mitochondria of primary keratinocytes. Furthermore, nuclear targeting of CLIC4 causes apoptosis in Apaf null MEFs, thus bypassing a requirement for the cytochrome c-mediated intrinsic program of Caspase activation. Endogenous CLIC4 translocates to the nucleus of Apaf null MEFs treated with DNA-damaging agents (Fig. 7C) . Initiation and completion of cellular apoptosis independent of Apaf/cytochrome c/Caspase9 "apoptosome," potentially through a Caspase2 activation mechanism, has been reported in several cell types (30, 31) . Furthermore, previous studies indicate that death induced by DNA damage or cytotoxic metabolic inhibitors in Apaf null MEFs is ultimately associated with mitochondrial damage, including loss of mitochondrial membrane potential, but the pathway leading to loss of viability has not been defined (32) . Nuclear translocation of CLIC4 may be one of the elements that is required in this process.
Protein trafficking between the cytoplasm and the nucleus is a fundamental activity of eukaryotic cells. Apoptotic stimulimediated nuclear trafficking represents a proapoptotic pathway used to maximize the efficiency of committed cell death in multiple cell compartments. We now show that CLIC4 translocates to the nucleus, and its presence may participate in alteration of pH and chloride ion content that could be involved in the apoptotic events in the nucleus, such as activation of nucleases and DNA fragmentation (33) (34) (35) . Our EM studies find CLIC4 localized to the nuclear membrane, and in preliminary studies we have evidence that CLIC4 translocation is FIG. 7 . Nuclear-targeted CLIC4 promotes Apaf-independent apoptosis. Apaf-null (Ϫ/Ϫ) or Apaf wild-type (ϩ/ϩ) mouse embryo fibroblasts were either uninfected (Un), infected with organelle-targeted CLIC4 Ad, or treated with 100 M etoposide (Etopo). Treated cells were harvested at 24 h post-infection/post-treatment, and apoptotic cells were detected by TUNEL staining, followed by confocal microscopy (25ϫ objective). Only Apaf-null confocal images are shown in A. From these confocal images, TUNEL-positive cells with intense signals (arrow) were counted and divided by the Hoechststained cell number (representative field shown in "Un") to determine the percentage of apoptotic cells in each treatment. Eight randomly picked fields from each treatment were used to calculate the average B. C, etoposide-treated Apaf (Ϫ/Ϫ) or Apaf (ϩ/ϩ) cells were immunostained with CLIC4 antibody, and fluorescence was detected by confocal microscopy. In all immunostaining, Hoechst stain was used as nuclear marker and represented as an inset with each image. D, S1 keratinocytes were pre-infected with Bcl-2 adenovirus for 3 h prior to infection with null or organelle-targeted CLIC4 adenovirus or treated with etoposide. The infected/treated cells were fixed after 16 h later and analyzed by TUNEL assay as described in B.
mtCLIC/CLIC4 Nuclear Translocation Initiates Apoptosisassociated with changes in nuclear chloride content. If confirmed this might be a mechanism through which CLIC4 modifies apoptosis. It was recently reported that CLIC4 levels are elevated in mitochondria isolated from mtDNA-depleted cells, and these mitochondria incorporate more 36 Cl Ϫ than parental mitochondria (36) . However, we cannot rule out the possibility that nucleoplasmic CLIC4 has another function. Recent studies indicate that CLIC4 participates in transdifferentiation of mammary fibroblasts to myofibroblasts and 3T3L1 cells to adipocytes (15, 37) . These findings suggest a role for CLIC4 in cell signaling and could be related to a nuclear function independent of ion channel regulation. Nuclear translocation could also be associated with stabilization of CLIC4 protein whereby normal processing of CLIC4 in the cytoplasm is prevented upon translocation. The dual location of an ion channel protein in the nucleus and mitochondria suggests that CLIC4 participates in the changes occurring in two major targets for the apoptotic response and could have dual functions.
